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Abstract

Two relatedproblemsof front projectiondisplayswhichoc-
curwhenusersobscureaprojectorare: (i) undesirableshad-
ows castonthedisplayby theusersand(ii) projectedight
falling on anddistractingthe users. This paperprovidesa
computationalframework for solving thesetwo problems
basedbn multiple overlappingprojectorsandcamerasThe
overlappingprojectorsareautomaticallyalignedto display
thesamedekeystonedmage. The systemdetectsvhenand
whereshadaevs are castby occludersandis ableto deter
mine the pixelswhich areoccludedin differentprojectors.
Throughafeedbackcontrolloop, the contributionsof unoc-
cludedpixelsfrom otherprojectorsareboostedn the shad-
owed regions, therebyeliminating the shadavs. In addi-
tion, pixels which arebeingoccludedare blanked, thereby
preventingthe projectedlight from falling on a userwhen
they occludethe display This canbe accomplishedven
whentheoccludersarenotvisible to thecameraThe paper
presentsesultsfrom a numberof experimentsdemonstrat-
ing thatthe systemconvergesrapidly with low steady-state
errors.

1. Intr oduction

The increasingaffordability and portability of high qual-
ity projectorshasgeneratec suige of interestin projector
camerasystems Recentexamplesincludethe construction
of seamlessulti-projectorvideowalls [1, 2, 3], real-time
rangescanning4] andimmersie 3-D virtual ervironment
generatior{5]. In mostof theseprevious systemscameras
are usedto coordinatethe aggreation of multiple projec-
torsinto a single,large projecteddisplay In constructinga
videowall, for example,the geometricalignmentandpho-
tometric blendingof overlappingprojectoroutputscan be
accomplishedy using a camerato measurehe keystone
distortionsin projectedtestpatternsandthenappropriately
pre-warping the projectedimages. The resultis a highly
scalabledisplaysystemjn contrasto x edformatdisplays
suchasplasmascreens.

Our goalis to incorporateprojectedlight displaysinto
standardphysical erwvironmentssuchas classroomsliving
rooms, or kitchens. In thesesettings,a projectorcamera
systemcould createubiquitous,interactve displaysusing

theordinaryvisible surfacesn apersonsenvironment.Dis-

plays could be corveniently locatedon tabletops,nearby
walls, etc. Userscouldrepositionor resizethemusingsim-

ple handgesturesDisplayscouldevenbe“attached"to ob-

jectsin theervironmentor be madeto follow a useraround
asdesired.This could be particularlycompellingasmeans
to augmentheoutputcapabilitiesof handhelddevicessuch
asPDAs. In orderto realizethis vision, two challenging
sensingproblemsmust be solved: (1) Createstabledis-

playsin the presenceof ervironmentaldisturbancesuch
aschangingambientlight andocclusionsby the users.(2)

Determinewhereandwhento createdisplaysbasedbn user
actiities.

In this paperwe examinethe novel visual sensingchal-
lengesthat arisein creatingstableocclusion-freedisplays
using projectedlight in real-world ervironments. In par
ticular, we addressthe two problemsthat arisein front-
projectionsystemsvhena userpassedetweerthe projec-
torsandthedisplaysurface:(1) Shadavs castonthedisplay
surfacedueto the occlusionof one or more projectorshy
theuser (2) Bright light projectedon the user which is of-
tenasourceof distractionanddiscomfort.We demonstrate
thattheseproblemscanbe solved without accurate3-D lo-
calizationof projectorscamerasor occludersandwithout
accuratephotometriccalibrationof thedisplaysurface.The
key is a display-centriccamerafeedbackioop that rejects
disturbancesandunmodeleceffects.

Oursystemuseamultiple, corventionalprojectorsvhich
are positionedso that their projectionsoverlap on the se-
lected display surface! The resulting system produces
shadwv-freedisplaysavenin thepresencef multiple, mov-
ing occluders.Furthermoreprojectorlight caston the oc-
cludersis suppresseavithout affecting the quality of the
displayasshavnin gure 5.

2. SystemOverview

Our systemcomprisesa numberof projectorswhich are
aimedat a screensuchthattheir projectionregionsoverlap
andacameravhichis positionedsuchthatcanview theen-
tire screenDuring normalfunctioning,the systemdisplays

1In the eventthat not enough®xed projectorsareavailablefor a given
ervironment,a projectormirror systemsuchas[6] couldbeused.



a high quality, dekeystonedimage on the screen. When

userswalk betweenthe projectorsandthe screenshadevs

arecaston the screen.Theseshadavs canbe classi ed as
umbral whenall projectorsaresimultaneouslyccludedor

penumbal whenatleastoneprojectorremainsunoccluded.
The systemeliminatesall penumbralshadevs caston the

screer?, aswell assuppressingrojectorlight falling onthe

occluders. This enableghe systemto continuepresenting
a high quality imagewithout projectingdistractinglight on

users.See gure 1 for thesetup.
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Figure 1: An overhead view of the multi-projector display system.
Several projectors (P1, P2) are placed such that their projection ar-
eas converge onto the display surface (S). A camera (C) is po-
sitioned so that S is clearly visible in its eld of view. Once the
homographies relating P;, C, S are automatically determined, the
projectors combine their pre-warped outputs to create a single high-
quality image on S. The system simultaneously removes shadows
on the display and light projected on the occluders, even when the
occluders are not visible in the camera.

A classicalapproacho designingsucha systemwould
beto localizetheprojectorscameragdisplay andoccluders
in 3-D. Thiswould malkeit possibleto predicttheshadaved
region andthe projectorpixels which are being occluded.
Given further information aboutthe re ectanceproperties
of the surface, the optimal compensatiorcould be deter
mined and applied. This approachhasa strongdisadwan-
tagethatary errorsin localizationandsensinghave adirect
impacton thequality of thedisplay Particularlyin thecase
of trackingoccluderssigni cant errorsarelikely. This pa-
perexploresthealternative approactof de ning thedesired
screenoutput and using geometricand photometriccom-
pensationinsideatight visualfeedbackoop, to correctfor
errorsanddisturbances.

Thetwo classe®f problemsto be addresseth our sys-
temare: (i) geometric,and(ii) photometric. The geomet-
ric problemsrelateto computatiorof the spatialcorrespon-
denceshetweenpixels in the projectorsand the projected
displayon the screen.The projectorsshouldbe accurately

2By de®nition,pixelsin anumbralshadev areblockedfrom every pro-
jectorandcannotbe removed. Umbral shadavs canbe minimizedby in-
creasinghenumberof projectorsandby mountingtheprojectorsathighly-
obligueangles.

and automaticallycalibratedto the screen,to the camera
andto eachother Thecalibrationshouldenabletheimages
in eachprojectorto be pre-warpedsoasto createa desired
projecteddisplaythatis alignedwith the screen.Addition-
ally, the imagesshouldbe warpedquickly and ef ciently .
The photometricissuesarethe accurateandfastcomputa-
tion of thedesirecdpixel intensitiesn eachprojectorsoasto
eliminateshadevs andsuppressccludetillumination. This
involvesocclusiondetectiorbasedn camerdanputandcor
rectlyadaptinghe projectoroutputto achieve thenecessary
goals. Thesetwo classe®f problemsareaddresseth sec-
tions3 and4 respectiely.

3. Multi-Pr ojector Alignment

As shawvn in gure 1, several projectorsare placedso that
their projectionareasall converge onto a display surface
S. Thegoalis to combinethe light from the projectorsto
createasingle,sharpimageon S. Clearly, onecannotsim-
ply projectthe sameraw imagesimultaneouslyhroughthe
differentprojectorsnotonly doesagivenpointon S corre-
spondto very differentpixel locationsin eachprojector but
theimageproducedon S from ary singleprojectorwill be
distorted(sincethe projectorsareoff-centerto S).

Thegeometriaelationbetweerthe projectoroutput,the
displayon the screerandthe cameranput canbe modeled
via 2-D planarhomographies.The homograph for each
camera-projectquair T.p, canbedeterminedy projecting
a rectanglefrom the given projectorinto the ervironment.
The coordinateof the rectangles cornersin projectorco-
ordinateqx;;y;) areknown a priori, andthecoordinate®f
the cornersin the cameraframe (X;; Y;) arelocatedusing
standardmageprocessingechniques.

The displayareais eitherautomaticallydeterminedus-
ing the camerapr interactvely speci ed by the user The
former caserequiresthe displaysurfaceto be awhite, rect-
angulamrojectionscreeragainsta contrastingpackground.
Sucha screenshaws up clearly in the cameraimageasa
bright quadrilateral,and can be unambiguouslyidenti ed
by theautomaticcalibrationprocess.

Alternatively, the usermay interactiely specifythe dis-
play areaby manipulatingthe outline of a projectedquadri-
lateralin ary projectoruntil it appearsas a rectangleof
the desiredsizeon the displaysurface. This directly speci-

es thehomograph betweerntheselectegrojectorandthe

screenTp, .s; the outline of the selectedrectangleis then

be detectedn the cameraimageto determinethe camera
to screerhomograph Tc.s andto automaticallyalign all of

theotherprojectors.

More recently we presentec system[8] thatis capable
of detectingphysicalmarkersandupdatehomographiesn

SHough-transforniine-®tting [7] locateshe edgef thequadrilateral,
andits cornercoordinatesregivenby intersectingheselines.



the y. Thesystemis alsocapableof maintaininga stable
displayevenwhenprojectorsandcamerasreshifted.

The projectorscreerhomographie§p, .s modelthe ge-
ometricdistortion(keystonewarping)thatis inducedwhen
animageis projectedfrom an off-centerprojectorP;. This
distortioncanbe correctedby projectinga pre-warpedim-
age,generatedy applyingthe inversetransformT,, ;15 to
the original image? SinceTPi ;15Tpi s = |, onecansee
that the pre-warpingalso alignsthe imagesfrom different
projectorsso that all are preciselyprojectedonto S. Ap-
plying the homographiesierived from cameraimages,a
multi-projectorarray canthus be ef ciently con gured to
eliminatekeystoningdistortionsand doubleimageson the
displaysurface.

4. Photometric Framework for Multi-
Projector Display

After the projectorshave beengeometricallyaligned, we
caneasily determinewhich sourcepixels from the projec-
tors contribute to the intensity of an arbitraryscreenpixel.
In thefollowing analysiswe assumehatthe contrikutions
areatsomelevel additive. GivenN projectorstheobsened
intensityZ, of aparticularscreerpixel attimet maybeex-
pressedy

Zi = C kuSi(la)+ + kneSv(Ine) +A 5 (1)

wherel;; is the correspondingourcepixel intensitysetin
projecton attimet, S; () istheprojectorto screenntensity
transferfunction, A is theambientlight contritution which
is assumedo betimeinvariant,C( ) is thescreerto camera
intensity transferfunction andk; is the visibility ratio of
the sourcepixel in projectorj attimet. Notethatall the
variablesandfunctionsalsodependon the spatialposition
of the screenpixel, but this is omitted from the notation
sincewe will considereachpixel in isolation.See gure 2.

Whenoccludersobstructthe pathsof thelight raysfrom
someof the projectorsto the screen,Z; diminishesand
shadaevs occur This situationis quantitatvely modeledvia
thevisibility ratios,which representhe proportionof light
raysfrom correspondingourcepixelsin the projectorsthat
remain unobstructed. If the projectorswere modeledas
point-light sources,occluderswould block either noneor
all of the light falling on a given pixel from ary particular
projector;therefore kj; would be a binary variable. How-
ever, this assumptions not valid in real-world conditions.
Oursystemmustcopewith partialoccludergcreatedy ob-
jectsnearthe projector)that castfuzzy-edgedshadaevs on
the screen.In thesecasesk;; denoteghe degreeof occlu-
sionof projectorj for thegivenpixel.

4In our currentsystem this pre-warp is ef®ciently implementedising

the texture-mappingoperationsavailable in standard3-D graphicshard-
ware.
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Figure 2: Photometric framework. This diagram illustrates equa-
tion (1), in which the observed display intensity Z; is related to the
combination of projector source pixels |j; and the corresponding
visibility ratios kj. The visibility ratios vary accordingly with non-
occlusion, partial and full occlusion.

4.1. Occlusiondetection

Ratherthan locating occludersby tracking objectsin the
ernvironment, the systemfocusesexclusively on detecting
deviation of the obsenedintensitieson the screerfrom the
desiredntensitiesvhenoccludersarenot presentThe ma-
jor causeof deviation is occlusion,althoughdeviation can
alsooccurbecausef changesn ambientlighting, projec-
tor failure,etc. Our systemcanhandleall of theseproblems
(asdiscussedh thenext section).No assumptionaremade
aboutthelocations sizesor shape®f occluders.

Mathematically the desired intensity of a particular
screenpixel may be representedy Z,. This may be ob-
tainedin theinitialization phasewhenthe systemprojects
eachpresentatiorslide andcaptureseveralcameramages
of the projecteddisplay while occludersare absent. As
an occluderis introducedin front of projectork to cre-
ate penumbralshadavs, the visibility ratio k;; decreases,
suchthatkj; < 1. HenceZ; < Z,. Thesedeviationsin
the screencan be detectedvia a pixel-wise image differ-
encebetweercurrentandreferenceameramagedo locate
shadav artifacts.

4.2. Iterati ve Photometric Compensation
Our systemhandlesoccludersy

1. compensatingor shadavs on the screenby boosting
theintensitiesof unoccludedourcepixels;and

2. removing projector light falling on the occluderby
blankingtheintensitiesof occludedsourcepixels.

Thedegrees-of-freedoravailableto usarethesourcepixels
I+ which may be changed.Hencefor a shadaved screen
pixelwhereZ; < Zy, weideallywantto compensatéor the
shadaov (i.e.settingZ.1 = Zo) by (i) increasing j (+1) to



be largerthanl; if kjy = 1, and(ii) reducingl; .1y to
zeroif kjy < 1.

However, it is very dif cult to accuratelynodelC( ) and
S; (). Evenif we know the exact valuesfor the ambient
lighting andvisibility ratios,it is almostimpossibleto up-
datethesourcepixelssuchthatin onetime steptheshadavs
areeliminated.Fortunately we expectC( ) andS; () to be
positive monotonic,andaniterative negative feedbackoop

Zy Zo.
Theadwantage®f sucha systemare:

it doesnotrequireexplicit modelingof C( ) andS; (),

it doesnotrequireexplicit measurementf thevisibil-
ity ratiosk;,

it is ableto handleslowly varyingambientight.

As in [9], the changein the intensity of eachsourcepixel
in eachprojectoris controlledby thealphavalueassociated
with the pixel:

itlo; (2

wherel g is the original value of the sourcepixel (i.e. pixel
valuein the presentatiorslide) andis the sameacrossall
projectors,while ;0 < ; < 1is thetime-varying,
projectordependenglphavalue. The alphavaluesfor the
sourcepixelsin oneprojectoris collectively termedthe al-
phamaskfor the projector

The earliersystemdescribedn [9] cancompensatéor
shadavs but is incapableof suppressingprojectedlight
falling on the occluder In particular that simplermethod
cannotdistinguishbetweenthe contritutions of individual
projectors. Instead,all projectorsboosttheir pixel inten-
sitiesfor eachoccludedregion. This hastwo undesirable
consequencegl) bright“haloes”mayappeaaroundelim-
inatedshadavs, particularlywhenoccludersarein motion;
and (2) the amountof distractinglight projectedon users
is increasedratherthanreducedoy the system.This moti-
vatestheneedfor amorecomple solutionwherethealpha
masksaredifferentfor differentprojectors.

The approachadoptedhere is to design components
which separatelyhandlethe problemsof shadev elimina-
tion andoccluderight suppressiorandintegratetheminto
a completesystem. Theseare discussedn the following
sections.

Ijt =

4.3. Shadav Elimination

Eliminating shadavs involve increasingvaluesfor corre-
spondingsourcepixels. Theshadav elimination(SE)com-
ponentof the systemis basedon

( josg= (Z¢ Zo); (3

where  ji = e jt is changeof ;; in the next
time-frame,and is a proportionalconstant.This compo-
nentis asimple,linearfeedbacksystem.

4.4. Occluder Light Suppression

Suppressingrojectorlight falling on occludersnvolve di-
minishingthe sourcepixels correspondindo the occluded
light rays.We determinevhethera sourcepixel is occluded
by determiningif any changesn the sourcepixel resultin
changedn the screenpixel. However, sincethereare N
possiblechange®f sourcepixel intensitiesfrom N projec-
tors but only one obsenable screenintensity we needto
probeby varying the sourcepixels in different projectors
separatelyThis cyclical probingresultsin a serialvariation
of the projectorintensities.

The light suppressioffLS) componenbf the systemis
basedn 5

j(t N) |
ZZ N+ “
where Zi v = Zit N+ Z: \ Iis the changein the
screemnpixel intensity causedoy the changeof alphavalue
it Ny in the previous time frame when projectorj is
active,and isasmallproportionakonstanand isasmall
positive constanto preventa null denominatar

Therationalefor (4) is thatif thechangen . resultsin
acorresponding-sizechangen Z;, the subsequenthange
in ;¢ will berelatively minor (basedonasmall ). How-
everif achangen ;; doesnotresultin achangen Z., this
impliesthatthe sourcepixel is occluded.The denominator
of (4) approachegeroand j; is stronglyreducedin the
next time frame. Henceoccludedsourcepixels areforced
to black.

Notethatthe probetechniquemustbe employed during
shadaev eliminationaswell. In particular the systemmust
be ableto discorer whena pixel which wasturnedoff due
to the presencef anoccluderis availableagain, dueto the
occluders disappearanceThis constraintis smoothlyin-
corporatednto our algorithm.

( jdLs=

4.5. Integrated Systemfor Shadonv Elimina-
tion and Occluder Light Suppression

The integratediterative feedbacksystemcombineg(3) and
(4) to get

it=( joser ( jOLs: (%)
Thealphavaluesareupdatedwithin limits suchthat
8
< 1; if jt + it > 1
jt= 0; if e+ <0 (6)
) Tha jt; otherwise

Thefollowing syntheticexampleillustratesthe system.For
a particular screenpixel at a typical steadystate when



shadavs have beeneliminated,supposehe corresponding
sourcepixel at projectorl has 11 = 0 andthe source
pixel at projector2 has ,; = 1. At thisstate,Z; = Zg
and j; = Ovia(5). If sourcepixel 2 is suddenlyoc-
cludedand sourcepixel 1 is unoccludedthenZ; < Zg
becausesourcepixel 1 is still black. However, 1t be-
comesdominatedby ( 1t) gg Which forcessourcepixel
1to bebright. Ontheotherhand, 5 becomeslominated
by ( 2t)|_g sincethe screerpixel doesnot changewhen

jt is changed This forcessourcepixel 2 to bedark. Note
thateven whensourcepixel 2 becomesunoccludednoth-
ing changesf sourcepixel 1 remainsunoccludedsincethe
shadavs have alreadybeensatishctorily eliminated. See
gure 3. This particularlyillustratesthe hysteesiseffectin
which sourcepixels are not boostedor blanked until new
shadavs are created- the systemdoesnot automatically
returnto anoriginal state nor changeasaresultof deocclu-
sion.

Figure 3: Synthetic example of transitions in projector source pixel
intensities. This graph shows the intensity transition of two corre-
sponding projector source pixels over time, subject to four events of
occlusions and deocclusions. Note the hysteresis effect in which the
source pixels are not boosted or blanked until new occlusion events
occur.

4.6. SystemDetails

Most of the computationis carriedout in the camerarame
of referenceThedifferencedetweerntheobsenedandde-
siredintensitiesZ;  Z, for all screemnpixels areobtained
simply by subtractingthe currentcameraimage from the
referencecameramage. Similarly, the alphavaluesof the
sourcepixels within the sameprojectoris collectively the
alphamaskfor theprojector Thealphamasksarealsocom-
putedin the cameraframe of referenceand mustbe trans-
formedinto thescreerframeof referencéeforethey canbe
applied;this is doneusingthe camera-screehomograpk
Te:s discussedn section3.

Applying thealphamaskgo the currentslideis straight-
forward. For eachprojector the correspondinglphamask
is warpedand replaceghe alphachannelof the slide im-
age.Theslideis thenpre-warpedfor the projector(usingits
particularscreen-to-projectonomograpk) anddisplayed.
Thisis doneseparatelyor every projector

Figure 4 illustratesthe algorithm. During its initializa-
tion phase(when the sceneis occludeffree) the system
projectseachpresentatioslideandcaptureseveralcamera
imagesof the projecteddisplay Theseimagesare pixel-
wise averagedto createa referenceimage for that slide,
and this imagerepresentsghe desiredstateof the display
(gure 4, refeenceimage). The goal of occlusiondetec-
tion is to identify regionsin the currentimagethat deviate
from this ideal state. During operation,the systemcam-
eracontinuouslyacquiresimagesof the projecteddisplay
which may containuncorrectedshadevs. The comparison
betweenthe obsered imagesandthe referencemagefa-
cilitatesthe computationof the alphamasksfor individual
projectorghrough(5). Thesearemeigedwith the presenta-
tion slidein the screerframeof referencefollowedby fur-
ther warpinginto the projectorframe of reference.These
projectedmagedrom all projectorsoptically blendto form
theactualscreerdisplay
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Figure 4: System summary diagram. This diagram summarizes the
shadow elimination and occluder light suppression system. See text
for details.

Sincewe do not have good photometricmodelsof the
ervironment,projectorsor camerawe cannotpredictpre-
ciselyhow muchlight is neededo remove ashadav. How-
ever, the iterative feedbackloop usedto updatethe alpha
maskallows usto avoid this problem:the systemwill con-
tinue addinglight to shadeved regionsuntil the region ap-
pearsasit did in thereferencémage.Similarly, thesystem
will blank projectorsourcepixels which are occludedand
do not affect the obsenedimages.This approacthasaddi-
tional bene ts. For instancethe systemdoesnot requirean
accuratephotometricmodel of the shadev formation pro-
cessto correctfor occlusionswith non-binaryvisibility ra-
tios, e.g.,thediffuseshadav createdby a handmoving near
the projector Thedravbackto suchaniterative technique
is thatthe alphamaskcanrequireseveraliterationsto con-
verge;in practice shadevs areeliminatedin approximately



5-7iterations.

To reducethe effects of cameranoise and minor cali-
brationerrors,we applya5 5 spatialmedian Iter to the
differenceimage. A negative valuein a differenceimage
pixel meanghatthe correspondingpatchon the screenwas
underilluminatedin thecurrentimage.

5. Results

The experimentsdescribedin this section are basedon
the following implementation. Imagesare acquiredus-
ing an NTSC camera(640 480) attachedto a PCI digi-
tizer; the output subsystentonsistsof two CompagMP-
2800XGA-resolution(1024 768)DLP microportablepro-
jectorsdrivenby a dual-headedraphicscard;the software
runson a standaravorkstationandimagewarpingexploits
OpenGLtexture-mappingrimitives. Theprojectorsarepo-
sitionedon either side of a whiteboardand the camerais
mountedatanextremeangleto ensureocclusion-freeover
ageof thedisplaysurfaceThelocation,orientationandop-
tical parametersf the cameraandprojectorsareunknavn.

Note that the cost of shadav eliminationis the use of
redundanprojectors. This meansthatat ary pointin time
therearepixelson oneor moreprojectorghatarenotbeing
utilized becausehey fall outsidethe displaysurfaceor are
occluded Wefeelthisis asmallpriceto pay, particularlyin
comparisono thelargecosts|n eitherexpenseandrequired
spacefor otherdisplaytechnologiesuchasrearprojection
or plasma. Fortunately portableprojectorsare becoming
increasinglyaffordableastheirimagequality improvesand
theirweightdecreases.

Someimagesof the systemin actionare shovn in g-
ure 5. Notethe accurag of the multi-projectoralignment.
In multi-projectordisplayblending,ary inaccuraciesn the
homograplp estimationleadto misalignmentin projected
imagescreatingglaring artifactssuchasdouble-imagesin
gure 5, it canbe seenthatthe multi-projectordisplayis as
sharpasthe single-projectodisplay Additional quantita-
tive measurementrediscussedh thefollowing sections.

5.1. SteadyState Shadov Elimination

The qualitative resultsof shadev eliminationasshavn in

gure 5 arecon rmed by experimentscomparingour sys-
tem's performancevith passie one-andtwo-projectorsys-
tems.A seriesof slidesweredisplayedusingthethreesys-
tems, rst without occludersand thenwith static occlud-
ersin the scene. Imagesof the display region were cap-
turedusingatripod-mounteccameraWe computeda sum-
squared-dierence(SSD)of the gray-level intensities(over
the pixels correspondingdo the displayregion in the cam-
eraimage)for eachslide pair (with andwithout occluders).
Table 1 summarizegheseresults. As expected,the (um-

bra) shadevs in the single-projectodisplay are the major

(@) (b)

() (d)

Figure 5: Comparison between different projection systems. These
images were taken from an audience member's viewpoint: (a) Two
aligned projectors, passive; (b) Two aligned projectors with shadow
elimination only; (c,d) Two aligned projectors with shadow elimina-
tion and occluder light suppression. Note that the user's face is
harshly illuminated in (a) and (b), while completely dark in (c) and

().

sourceof error. We seea signi cant improvementwith two
projectorssincethe majority of occlusiondhecomepenum-
bral. The bestresultsare achieved whenthesepenumbral
occlusionsareactively eliminatedusingour system.

(i) SSDerrorper (i) Avg. normalized
pixel overdisplay intensitymeasured
(norm.intensities) onoccludersface

Oneprojector 1480 10 3 0:568
Two projectors 128 10 8 0:455
Shadev elimination 0:242 10 3 0:561
Sh.elim. + occ.light supp.  2:5 10 3 0:113

Table 1: The result shows (i) average SSD error between an un-
occluded reference image and the same scene with a person oc-
cluding both projectors, and (ii) normalized intensity of light on the
occluder, averaged over the visible pixels. A two-projector display
improves the display by simply muting the shadows. Our system
not only removes the shadows entirely as shown in gure 5, but
also eliminates the distracting illumination on the user's face.

5.2. SteadyState Occluder Light Suppression

We compareheamountof projectorlight falling ontheoc-
cluderby measuringhe averagepixel intensityof theusers



facein imagestakenfrom anaudienceviewpoint. The pas-
sive single-projectosystembrightly illuminatesthe users
face® In the passie two-projectorsystem,eachprojector
operatesat a reducedbrightnessthe measuredwveragein-
tensityis lower becauséhe users faceis illuminatedfrom
two directionsand someof the light from the secondpro-
jectorilluminatesareasof thefacethatarehiddenfrom the
audiencecamera.The shadev-eliminationsystemfrom [9]
alsousestwo projectors,but eachprojectorincreasesllu-
minationfor pixelsin the shadevedregion, creatinga very
bright patchof light onthe occluder The systemdescribed
in this paperdramaticallysuppressesccluderillumination
ascanbeseenfrom gure 5andTablel.

5.3. SystemResponse

Sinceour algorithmusesaniterative techniquewe wanted
to con rm that the methodconverges quickly to a stable
valuewithout excessve oscillationor overshoot.We evalu-
atethesystenresponseo occluderdy measuringhetime-
variationof (i) the averageSSD per pixel betweenthe ob-
sened and referencescreenimages,and (ii) the average
pixel intensityonthe occluders face.Theresponsés mea-
suredby suddenlyintroducingan occluderinto the scene
andrecordingthe obsenedstateof thedisplayfrom thatin-
stant. The measurementaere taken with a video camera
placedin theaudiencearea.

Figures6 (a) and (b) presentsystemtracesfor both
experiments. In eachgraph, one trace shawvs the system
from [9] while the otherplotstherespons®f thecombined
shadaev eliminationandoccluderlight suppressiosystem.
The combinedsystemtakes much longerto corverge for
two reasons. First, the systemis more comple andruns
moreslowly. Eachiterationof the algorithmtakesapproxi-
mately3—-4timeslongerthana comparabléterationfor the
former system;this is easily seenfrom the length of the
stepsin the graphs.Secondthe combinedsystemrequires
cyclical projectorprobingto determingheoccludedorojec-
tor. ConsequentlyanN projectorsystemrequiresN times
longerto corverge.

Theinitial SSDerrorfor thetwo systemdliffer because
theformerstartswith both projectorson (equivalentto a 2-
projectorpassie system)while the combinedsystemstarts
with one projectoron, and the other projectoroff. Thus,
whenthe occluderis initially introduced,the shadavs for
the combinedsystemareasdarkasumbralocclusions.The
SSDerrorsfor both systemsdrop quickly with eachitera-
tion andthe nal errorsarecomparable.

Figure 6(b) demonstratethe clearbene ts of the com-
bined system. The introductionof the occludercausesan

5This is identicalto a corventionalfront-projectionsetup.Mary users
®ndthisblindinglight veryirritating andpreferrearprojectionsystemgor
thisreason.

(a) Shadav-EliminationResponse  (b) OccluderLight Response

Figure 6: System responses for comparison of previous[9] and cur-
rent systems. (a) Responses for shadow elimination, based on av-
erage SSD error per pixel over time. (b) Responses for occluder
illumination, based on average pixel intensity of region containing
occluder's face. Although the current system is slower, there is
substantial occluder light suppression and the steady-state shadow
elimination error is comparable.

increasein brightnesson the users facefor the formersys-
temwhile the combinedsystemquickly remoresthe unde-
sirablelight.

Another advantageof our currentsystemis that it is
signi cantly more resistantto a moving occluder In [9],
the slight swaying motion of a standingoccludercreates
very noticeable“halo” effects dueto the occluders lead-
ing edgecreatinga shadaev while thetrailing edgecreating
aninverse-shade (whenoccludedsourcepixelsin a pro-
jectorareunoccluded).n our system the occludedsource
pixelsareblanked; hencenoinverse-shadas arecreatedy
deocclusionAdditionally, the hysteresieffect ensureshat
sourcepixel statesare not changeduntil new shadavs are
created.This meanghat sourcepixels cyclically occluded
by the spanof the occluderswaying motion eventuallybe-
comeblankedandnonew shadavs (or artifacts)arecaused.

A benet of using a feedbacksystem(as opposedto
a photometricmodel approach)is that the systemis sur
prisingly robust. For instance,if one of the projectorsin
the multi-projectorarray were to fail, the remainingpro-
jectorswould automaticallybrightentheir imagesto com-
pensate.Furthermorethe overall brightnessof the entire
multi-projectorarray can be changedsimply by adjusting
thecameraaperture.

5.4. Predictive Photometric Corr ection with a
Two Projector System

Our systemsolvestwo problemsthroughfeedbackcontrol
of projectedight: (i) iterative feedbackavoidsthe needfor

accuratephotometricmodels,and (ii) cyclical probingcir-

cumwentsthe needto instantlydeterminewhich projectors
areoccludedfor eachpixel.

The disadwantageof this approacthis the rateof corver-
gencewhichis approachingut notyetreached sufcient
speedor normaluse.

In orderto studyaspeciakcasevherethesewo problems
aresolvedthroughsimplermeanswe have implementeca



two projectorbinary switchingsystemwherethe projector
contrikutive outputon the screerhasbeenequalizednanu-
ally. This resohestheissueof photometricmodels. Addi-

tionally, eachpixel onthe screenis illuminatedby only one
projectorat ary onetime. Henceif thereis ary obsened
deviation in pixel value from the referencepixel value, it

may be deducedhatthe illuminating projectoris occluded
without active probing. The systemimmediatelyblanksthe
pixel contribution from the currentilluminating projector

andturns on the contritution to the other projector This

resultsin a binary switchingprocesshatis extremelyfast.
The exact solutionis obtainedin a singletime frame,and
in our experimentsthe currentimplementationeliminates
shadavs andsuppressesccluderight atabout3 Hz.

6. RelatedWork

Researclin theareaof camera-assistanulti-projectordis-
playsis becomingmorepopular particularlyin the context
of seamleswideowalls [1, 2, 3, 5]. However, therehas
beenlittle work in usingredundanprojectorcon gurations
to createstableforward-projectiordisplays.In [9], asimple
camerafeedbacksystemis usedto generate singlealpha
maskthatis appropriatelywarpedandappliedto every pro-
jectorin the displayto eliminateshadavs. Although this
technigueworksin real-time,it generatesigni cant addi-
tional light on the presenter Jayneset al. [10] removed
shadavs without a feedbackloop, but the resultingalgo-
rithm is very slow. We believe thatour resultsin removing
the projectedilight falling on occludingobjectsareunique.
A simple camerafeedbacksystem relatedto the one pre-
sentechere wasusedby [3] to adjustprojectorillumination
for uniform blendingin the overlapregion of a videowall.
In [6] aprojectormirror systemis usedto steertheoutputof
a singleprojectorto arbitrarylocationsin anenvironment.
TheShadetampssysten{11] usesmultiple projectorsand
a known 3-D modelto synthesizéanterestingvisual effects
on 3-D objects.Theself-calibrationtechniquesisedin this
paperwere adoptedrom [12], wherethey wereappliedto
the taskof automatickeystonecorrectionfor singleprojec-
tor systems.

7. Conclusionsand Futur e Work

This paperdescribesa practicalsystemfor creatinga sta-
ble, occlusion-freedisplay on ordinarywall surfacesusing
multiple overlappingfront projectorsand a camera. The
systemautomaticallyalignsthe projectedimageto the dis-
play, compensatefor shadavs caston the display dueto

projectorocclusion,and also removes unwantedprojector
light ontheoccludersThis systemenablesmmersive,om-
nipresendisplaysto be generatedn ary generaindoorlo-

cation, which is impractical or impossiblewith monitors,
plasmadisplaysandrearprojectionsystems.

In the future, we plan to extend the systemin several
ways. In additionto increasinghe framerateat which the
systemoperatesye will incorporatemultiple camerasnto
thevisualfeedbacKkoop. Thiswill increaseghesystemsre-
liability in casesvherea singlecameras view of thescreen
is also partially occluded. We aim to further develop the
connectionbetweerour systemandthevisualsenoing lit-
erature[13, 14]. Our currentfeedbacKoop canbe viewed
asa proportionalcontrollerandwe hopeto explore exten-
sionsto PID control. We arealsodevelopinguserinterface
techniquegor controllingandadjustingvirtual displaysus-
ing handgestures.In particular we are exploring shadev
detectiorasameando supportouch-basechteractiorwith
thevirtual display
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